Chromosomal rearrangements involving the mixed lineage leukemia (MLL) gene at 11q23 are frequent in adult and childhood acute leukemia and have been associated with an unfavorable prognosis. Recent evidence suggests that MLL gene partners may influence prognosis. Five translocations account for ϳ80% of MLL rearrangements: t(4;11)(q21;q23), AFF1/MLL; t(6;11)(q27;q23), MLLT4/MLL; t(9;11)(p22;q23) , MLLT3/MLL; t(11; 19)(q23;p13.1), MLL/ELL; and t(11;19)(q23;p13.3), MLL/ MLLT1. We have designed dual-color, double-fusion fluorescence in situ hybridization (D-FISH) probe sets to identify these translocations. A blinded study was performed for each probe set using 25 normal bone marrow samples, 25 t(4;11), 20 t(6;11), 20 t(9;11), 18 t(11; Reciprocal chromosomal rearrangements involving the mixed lineage leukemia (MLL) gene have been associated with the development of a heterogeneous group of leukemias including acute lymphoblastic leukemia (ALL), acute myeloid leukemia (AML), mixed phenotype leukemia, and acute leukemias associated with topoisomerase II chemotherapy.
cur in ϳ6% of acute leukemia cases in adults and children. However, MLL rearrangements are significantly more frequent in specific patient cohorts, particularly ALL occurring in children Ͻ 12 months of age, where MLL disruption accounts for 80% of cases. 7, 10 In AML, rearrangements of MLL are typically associated with a myelomonoblastic or monoblastic phenotype (M4 and M5 subtypes) and are more frequent in children, representing 9 to 12% of pediatric cases and ϳ65% of infant cases. 2, 11 Similarly, MLL rearrangement is frequent in mixed phenotype acute leukemia in children. 8, 9 Therapy-related AML, occurring in patients who have been previously treated with chemotherapeutic drugs that inhibit DNA topoisomerase II, also show a high frequency of rearrangements involving MLL. 4 -6 The MLL gene, found on the long arm of chromosome 11 at band q23, contains 37 exons and spans Ͼ100 kb. [11] [12] [13] The majority of recurrent MLL translocation breakpoints occur within an 8.3-kb breakpoint cluster region located between exons 8 and 14. [11] [12] [13] [14] [15] [16] A remarkable feature of MLL gene rearrangements in leukemias is the large number and assortment of MLL fusion partners. To date, Ͼ80 recurrent chromosomal translocations disrupting MLL have been identified, and Ͼ50 MLL partner genes have been defined. 1, 2, 17, 18 Despite the diversity of MLL pairing partners, five translocations account for ϳ80% of all MLL-associated leukemia. 1,2,16 -18 The five most frequent MLL rearrangements include t(4;11)(q21;q23), AFF1(AF4)/MLL; t(6;11)(q27;q23), MLLT4(AF6)/MLL; t(9;11)(p22;q23), MLLT3(AF9)/MLL; t(11;19)(q23;p13.1), MLL/ELL; and t(11; 19)(q23;p13. 3 
), MLL/MLLT1(ENL).
The presence of MLL rearrangements in patients with acute leukemia generally portends a less favorable prognosis and response to chemotherapy. 7,19 -23 However, recent studies have suggested that the specific MLL rearrangement partner may also influence response to therapy and overall prognosis depending on the clinical context. 21,24 -28 This association seems to be especially pronounced in AML, leading the most recent 2008 World Health Organization consensus to separate the t(9; 11)(p22;q23) as a distinct clinical entity with a more favorable prognosis. The World Health Organization also recommended that the diagnosis of AML include the presence of any MLL rearrangement and the pairing partner gene (if known). 29 Typically, conventional cytogenetics has been used to detect rearrangements involving the MLL gene. However, conventional cytogenetics may fail to detect nearly onethird of MLL rearrangements; therefore, fluorescence in situ hybridization (FISH) has emerged as the modality of choice for detection of such rearrangements. Commercially available FISH probes are only available for the MLL gene region and are able to detect a simple disruption of the gene but do not identify specific gene fusion partners. Additionally, this strategy is unable to detect with confidence the presence of affected cells below a level of 5%, similar to a conventional chromosome analysis, thus limiting the utility in its application for minimal residual disease (MRD) detection. Herein, we describe our development and validation of dual color, doublefusion FISH (D-FISH) probe sets for each of the five most frequent MLL translocation partners.
Materials and Methods

Study Design
Following Institutional Review Board approval, we conducted a retrospective review of the Mayo Clinic Cytogenetics database to identify blood and bone marrow samples in which a t(4;11)(q21;q23), t(6;11)(q27;q23), t(9; 11)(p22;q23), t(11;19)(q23;p13.1), or t(11;19)(q23;p13.3) was identified by conventional cytogenetics. 30 We selected 25 samples with a t(4;11), 20 samples with a t(6;11), 20 samples with a t(9;11), 18 samples with a t(11;19)(q23;p13.1), and 20 samples with a t(11;19)(q23; p13.3) for inclusion in the study. Although the majority of selected specimens represented the diagnostic sample, we also included a few posttherapy and relapse specimens to challenge the probe sets. In addition, as a large cytogenetics reference laboratory, we do not always receive the diagnostic pathology reports with the bone marrow specimens submitted for chromosome studies. Thus, the specific subtype of acute leukemia associated with our chromosome results is not always known. However, we included both pediatric and adult patients with B cell ALL, T cell ALL, de novo AML, and therapy-related AML in these evaluations.
For each probe set, 25 normal bone marrow samples (obtained from patients undergoing hip replacement surgery) were included to establish normal cutoff ranges. The patient specimens for each MLL translocation partner and corresponding 25 negative controls were blinded for each study, and 250 representative interphase nuclei were independently scored by two technologists (total of 500 interphase nuclei scored per sample). A total of 228 specimens were evaluated and included 50 total samples for the AFF1(AF4)/MLL probe set, 45 total samples for the MLLT4(AF6)/MLL probe set, 45 total samples for the MLLT3(AF9)/MLL probe set, 43 total samples for the MLL/ELL probe set, and 45 total samples for the MLL/ MLLT1(ENL) probe set.
Probe Design
Direct-labeled FISH probes were designed from bacterial artificial chromosomes (BACs) and validated according to standard methods. 31 Bacterial clones were chosen from the University of California Santa Cruz website (http://genome.ucsc.edu; May 2004 Assembly (hg17)) based on their coverage of the gene region of interest and were then ordered from Invitrogen (Carlsbad, CA). The BACs were cultured, and plasmid DNA was extracted using a Qiagen Plasmid Maxi Kit (Qiagen, Valencia, CA). The isolated DNA was fluorescently labeled via nick translation (Abbott Molecular, Abbott Park, IL), and clone specificity was verified on metaphases from normal XY blood specimens. PCR was also performed to ensure that the DNA clone corresponded to the region of interest. Once individually validated, all of the clones were mixed to create a complete probe mixture. For the MLL gene probe, the five clones used were RP11-832A4, RP11-215H18, RP11-770J1, RP11-861M13, and CTC-89C10 ( Figure 1A ). For the AFF1(AF4) gene probe, the four clones used were RP11-397E7, RP11-168E22, RP11-476C8, and RP11-529H2 ( Figure 1B ). For the MLLT4(AF6) gene probe, the five clones used were RP11-931J21, RP3-431P23, RP11-471L1, RP3-470B24, and RP11-164L23 ( Figure 1C ). For the MLLT3(AF9) gene probe, the four clones used were RP11-15P13, RP11-336O12, RP11-73E6, and RP11-4E23 ( Figure 1D ). For the ELL gene probe, the four clones used were RP11-282P1, CTD-3137H5, CTD-2516F17, and CTD-2643B8 ( Figure  1E ). For the MLLT1(ENL) gene probe, the five clones used were CTC-232P5, CTB-66B24, CTC-503J8, RP11-114A7, and RP11-30F17 ( Figure 1F ). The AFF1, MLLT4, MLLT3, ELL, and MLLT1 BACs were labeled with Spectrum Orange-dUTP (Abbott Molecular), herein referred to as Red. The MLL BACs were labeled with Spectrum Green-dUTP (Abbott Molecular). A commercially available break-apart MLL FISH probe (Abbott Molecular) was used according to the manufacturer's instructions. (Figure 2A ). Representative ideograms of chromosomes 4 and 11 illustrate the D-FISH signal pattern observed on normal metaphase chromosomes ( Figure 2B) . A signal pattern of two red (2R) and two green (2G) corresponds to two red partner probe signals on the normal chromosome 4 homologues and two green MLL signals on the normal chromosome 11 homologues. Representative ideograms of abnormal metaphase chromosomes with a 4;11 translocation ( Figure 2B ) exhibit a 1R1G2F (F, fusion) signal pattern corresponding to one R signal from AFF1 on the normal chromosome 4, one G signal for MLL on the normal chromosome 11, and two yellow F signals from the AFF1/MLL fusions on the derivative chromosomes 4 and 11. 
MLLT4(AF6)/MLL
Results
FISH Probe Validation
The study design included the analysis of 500 interphase nuclei from 103 patient specimens and 125 normal control specimens for a total of 114,000 interphase nuclei scored for this study. On completion, the data for each probe set were unblinded. Results obtained from the 25 normal bone marrow specimens were used to establish a normal cutoff for each signal pattern observed with each specific probe set. All normal controls were found to be normal for each of the five probe sets, and a normal cutoff of 0.6% was established for the expected 1R1G2F signal pattern using a one-sided binomial distribution with a 95% confidence interval. This same statistical strategy was used to generate cutoffs for atypical and unexpected signal patterns. Normal cutoffs for both typical (2R2G1F, 1R2G1F, and 2R1G1F) and atypical (1R1G3F, 1R3G1F, and 2R1G2F) D-FISH patterns found in this experiment were determined to be 0.6%. The cutoff range for 1R1G1F was 5.8 to 10%, depending on which MLL/partner probe set was being analyzed. The cutoffs for the signal patterns without fusion signals, 3R1G and 2R3G, were 0.6 and 1.0 to 1.6%, respectively.
Representative FISH signal patterns observed in interphase nuclei from the five D-FISH probe sets are illustrated in Figure 3 . The MLL probe on chromosome 11q23 is labeled in green (G), and the various translocation partners are labeled in red (R). Normal interphase nuclei have a 
AFF1(AF4)/MLL t(4;11)(q21;q23) D-FISH Assay
The conventional chromosome results for the 25 leukemic bone marrow samples with corresponding results by AFF1/ MLL D-FISH assay are summarized in Table 1 . Patient ages ranged from 4 months to 80 years (median age, 40 years) and included 6 pediatric patients and 19 adult patients. Of the 25 samples, 23 specimens showed a balanced t(4; 11)(q21;q23) by chromosome analysis, one specimen demonstrated a der(11)t(4,11) only, and one patient showed a t(4;11)(q21;q23) plus a der(4)t (4, 11) in the same clone.
Abnormal FISH results were obtained for 24 (96%) of the 25 AFF1/MLL samples. Twenty samples yielded the expected abnormal signal pattern of 1R1G2F with an abnormal reference range from 50.4 to 98.6% (mean, 96.3%). Samples from patients 3 and 7 both showed an abnormal FISH signal pattern of 1R1G3F. The sample from patient 13 showed a 2R2G1F signal pattern. Patient 24 showed a normal FISH signal pattern. The sample from patient 25 showed only a 3R1G signal pattern. Interrogation of the specimens from patients 24 and 25 using the commercially available break-apart MLL FISH probes showed a signal pattern of 2F confirming an intact MLL locus in both cases.
MLLT4(AF6)/MLL t(6;11)(q27;q23) D-FISH Assay
The conventional chromosome study findings for 20 leukemic bone marrow samples with corresponding results by MLLT4/MLL D-FISH assay are summarized in Table 2 . The patient age ranged from 5 months to 86 years (median, 40 years) and included 4 pediatric and 16 adult patients. For the 20 diagnostic samples, conventional cytogenetics de- fined 17 samples with a t(6;11)(q27;q23), two samples with a t(6;11)(q27;q23) and a der(6)t(6;11) present in the same clone and one sample with a cryptic, insertional t(6;11), patient 28. Abnormal FISH results were obtained for 19 of the 20 MLLT4/MLL samples. Seventeen of the 20 samples yielded the expected 1R1G2F signal pattern with abnormal reference range from 5.8 to 98.4% (mean, 69.4%). The sample from patient 27 had a 1R1G3F signal pattern. The sample from patient 28 showed 1R2G1F and 1R3G1F abnormal signal patterns and both a 2R1G2F and a 1R1G2F pattern were seen in the sample from patient 37. Patient 39 showed the expected 1R1G2F abnormal signal pattern as a secondary pattern with 2R1G2F as the dominant pattern. The sample from patient 45 had a normal 2R2G signal pattern with the MLLT4/MLL probe set. Interrogation of the specimen from patient 45 using the commercially available break-apart MLL FISH probes showed a signal pattern of 2F confirming an intact MLL locus.
MLLT3(AF9)/MLL t(9;11)(p22;q23) D-FISH Assay
Conventional cytogenetic analysis findings for 20 leukemic bone marrow samples with corresponding results by MLLT3/MLL D-FISH assay are summarized in Table 3 . The patient ages were between 7 months and 77 years with a median age of 44 years. Five patients were pediatric and 15 were adults. Of the 20 samples, conventional cytogenetics defined 19 specimens with t(9;11)(p22;q23) and 1 specimen with a t(9;11)(p22;q23) and a der(11)t(9,11) in the same clone.
Abnormal FISH results were obtained for all 20 samples. Nineteen of the 20 t(9;11)(p22;q23) samples yielded the expected abnormal 1R1G2F signal pattern with an abnormal reference range from 10.6 to 95.2% (median, 85.7%). Despite patient sample 46 demonstrating both an apparently balanced 9;11 and an extra derivative chromosome 11, the sample demonstrated a single FISH signal pattern of 1R2G1F.
MLL/ELL t(11;19)(q23;p13.1) D-FISH Assay
The conventional cytogenetic analysis findings for 18 leukemic bone marrow samples with corresponding results by MLL/ELL D-FISH assay are summarized in Table 4 . Patient ages ranged from 7 weeks to 78 years with a median age of 52 years and included 3 pediatric patients and 15 adult patients. These 18 patients include five samples (66, 69, 71, 77, and 78) that were originally defined cytogenetically as 43-46,XX,t (9;11) (p22;q23),dic(9;13) (p22;q12),der(11)t (9;11)(p22;q23), del(12) (p11.2p13),del(13) (q12q14) ͓cp18͔/46,XX͓2͔
1R2G1F
47 23M 48,XX,der(9)t (9;11) (p24;p11.2),der(9)t (9;11) (p22;q23),ϩ10, der(11)t (9;11) (p24;p11.2),t (9;11) (p22;q23),ϩ19͓7͔/49,idem, ϩ8͓2͔/46,XX͓11͔ 
MLL/MLLT1(ENL) t(11;19)(q23;p13.3) D-FISH Assay
The conventional cytogenetic analysis findings for 20 leukemic bone marrow samples with corresponding results by MLL/MLLT1 D-FISH assay are summarized in Table 5 . Six patients were pediatric and 14 were adults, with an age range from 4 weeks of age to 75 years and a median age of 27 years. Three of the 20 patients (96, 97, and 103; Table 5) were originally defined cytogenetically with a t(11;19)(q23; p13.1). However, the FISH results for the MLL/ELL D-FISH assay indicated a split MLL signal without fusion to ELL. Subsequent testing with the MLL/MLLT1 D-FISH assay revealed a double-fusion signal pattern in each patient, indicating the original 19p13.1 breakpoint was incorrectly designated. Thus, these three patients had the chromosome nomenclature correctly reassigned to the 19p13.3 breakpoint and are included in Table 5 . Each of the 20 specimens had an apparently balanced t(11;19)(q23;p13. 
Discussion
Numerous MLL pairing partners have been identified in acute leukemias; however, gene pairing with MLL most commonly involves AFF1(AF4) at 4q21, MLLT4(AF6) at 6q27, MLLT3(AF9) at 9p22, ELL at 19p13.1, and MLLT1(ENL) at 19p13.3. 1, 17, 18, 24, 34 Recent findings suggest that the specific pairing partners involved in MLLrearranged leukemias may significantly impact prognosis and/or have therapeutic implications depending on acute leukemia subtype and clinical context. 10, 28, 35, 36 Therefore, providing diagnostic information with regard to the presence of MLL rearrangement as well as the identity of The breakpoint for these patients was initially evaluated as 19p13.1.
448 Keefe et al JMD July 2010, Vol. 12, No. 4 the MLL pairing partner may have relevance for acute leukemia prognostication. Herein, we evaluated 103 bone marrow and blood specimens from patients with acute leukemia. The patients ranged in age from only 4 weeks of age to 86 years old. Overall, we evaluated 24 pediatric leukemia specimens, including 8 under the age of 1 year (infant leukemia). A total of 79 adult leukemia specimens were interrogated with these novel probe assays, with 42 below the age of 50 years and 37 between the ages of 51 and 86 years of age. The average patient age for four of the five translocation patient cohorts was similar (median age range, 40 to 52 years). The exception was the t(11;19p13.3) patient cohort for who the median patient age was only 27 years, suggesting this particular translocation may occur more frequently in children and younger adults. However, as each D-FISH probe set was successful in generating the expected MLL/ partner double-fusion signal patterns in most patients, our results indicate the five probe assays can be used for acute leukemias occurring across all age groups.
The patient samples evaluated in this study were chosen because of a previously defined, chromosomally visible 11q23/partner translocation. Approximately half of the patients had the 11q23/partner translocation as the sole chromosome abnormality (56 of 103; 54%). The remaining 47 patients had additional clonal chromosome abnormalities, from single trisomies to very complex structural and numeric abnormalities. The frequency of additional chromosome abnormalities demonstrated a statistical trend toward more complex clones in the 24 pediatric samples (15 of 24, 63%) versus the 79 adult samples (32 of 79, 40%; P ϭ 0.06).
The current commercially available break-apart FISH probe set for interrogation of MLL offers a sensitive means of detecting the presence of MLL rearrangements but provides no information regarding the identity of the gene with which MLL is paired. The development of the current set of homebrew D-FISH probes allows for detection of MLL rearrangements and the identification of the five most common MLL gene fusion partners, t(4;11)(q21; q23), t(6;11)(q27;q23), t(9;11)(p22;q23), t(11;19)(q23; p13.1), and t(11;19)(q23;p13.3). Overall, the homebrew MLL D-FISH assays performed well on specimens demonstrating these five translocations by conventional banding. As detailed in Results, the expected 1R1G2F signal pattern indicative of balanced translocations involving MLL, and one of these five partner genes was observed in 89 (86%) of the 103 leukemic bone marrow specimens.
A minor degree of variation from the expected abnormal FISH signal pattern was observed in the assays for all five MLL partners. Of the 100 patient samples with a documented MLL/partner fusion by FISH, only 14 patients demonstrated an atypical FISH signal pattern other than 1R1G2F. Virtually no signal pattern variation was observed with the MLLT3/MLL and the MLL/ELL probe sets, with a single patient in each having an atypical pattern. The AFF1/MLL, MLL/MLLT1, and MLLT4/MLL probe sets had three, four, and five patients, respectively, with atypical signal patterns detected, of which six cases represented an additional signal pattern in subclones. FISH signal pattern variation was significantly more prevalent in the pediatric patient cohort (8 of 24, 33%) than in the adult patient cohort (6 of 76, 8%) (P ϭ 0.02; Fisher's exact test). These results suggest the pediatric leukemia specimens may be more prone to atypical chromosomal mechanisms generating MLL/partner fusion, instability of the translocation event, or the presence of additional abnormalities involving chromosomes 11 and the MLL partner chromosome (see subsequent Discussion). Regardless of the etiology for the atypical signal patterns observed with the MLL/partner D-FISH assays, it is clear that the atypical patterns are much more likely to be encountered in pediatric samples, and a laboratory using these MLL/partner D-FISH assays should anticipate the identification of atypical signal patterns when evaluating pediatric leukemia specimens.
The atypical abnormal FISH signal patterns made up four subgroups. The first atypical abnormal signal pattern involved the absence of one of the two expected fusion signals. Eight patients were observed with this atypical signal pattern (patients 13, 28, 36, 39, 46, 67, 84, and 85) . Three of these patients (13, 67 , and 85) demonstrated a signal pattern indicative of a complex, three-way translocation (2R2G1F), as illustrated in Figure 3D . As only one of these patients had a demonstrable three-way translocation, it is likely the other two patients had a third partner chromosome that was not appreciated by the original G-banded chromosome study. Unfortunately, metaphase FISH was not possible on these two cases to identify the third partner chromosome. The most likely explanation for the atypical single fusion results observed in the other five patients is loss of DNA at the fusion junction ( Figure 3, E and F) . Thus, despite the apparently balanced translocation observed by conventional chromosome analysis in these samples, DNA has been deleted at the molecular level. Alternatively, it may be that the original conventional analysis failed to detect subtle deletions at these translocation junctions. However, because these five patients still generated a MLL/partner fusion signal, these leukemia samples can still be consistently identified by these D-FISH assays.
The second FISH pattern variation involved the presence of a third fusion signal in addition to the two expected fusion signals ( Figure 3G ), yielding an overall pattern of 1R1G3F (patients 3, 7, 27, 36, and 98). This variation reflects the presence of an extra copy of the derivative chromosome containing the MLL/partner fusion in addition to the expected balanced translocation fusion signals. Such derivative chromosomes were identified by conventional analysis in three of the five patient samples that produced the 1R1G3F signal pattern (patients 3, 27, and 36). The sample from patient 7 did not have an additional derivative chromosome identified by conventional cytogenetic analysis. However, it is likely that the chromosomal abnormality identified as an add(4)(q12) represents a der(4)t(4,11)(q21; q23), which was not obvious by conventional banded analysis. The sample from patient 98 predominantly showed the expected abnormal 1R1G2F pattern but also had a small percentage of cells (1.6%) with a 1R1G3F pattern not explained by the karyotype. Given the small percentage, it is not surprising that this second clonal population was not detected by conventional analysis. This small population likely represents a subclone with an additional copy of a derivative chromosome from the translocation.
The third atypical FISH signal pattern was associated with extra copies of the green or red signals in addition to the fusion signals ( Figure 3, H and I ). These FISH signal patterns were observed in five patients (patients 28, 36, 37, 39, and 89). In each leukemic sample, this signal pattern was observed as a second subclonal population because of the presence of additional copies of the chromosomes (trisomy 6, 11, or 19) that corresponded to the chromosomal location of the FISH probe. Although these additional signals do not denote any disruption of the actual genes covered by the probes, these patterns need to be recognized as possible variant FISH signal patterns despite not representing true translocation variants.
The fourth atypical FISH signal pattern lacked the generation of any fusion signals (Figure 3 , A and J), as seen in three patient samples. Two patient samples showed only a normal 2R2G signal pattern (patients 24 and 45), and the sample from patient 25 only showed a 3R1G signal pattern. In this scenario, the most likely explanation for patterns lacking a fusion signal is that, despite a chromosomal translocation involving 11q23 and a classic partner chromosome, the translocations in these tumor cells did not disrupt MLL or the partner gene but instead involved adjacent gene regions. Subsequent evaluation with a commercially available MLL split-signal probe indicated the MLL gene region was not disrupted in any of these three patients. Given the D-FISH pattern, the original metaphase chromosomes from each of these three patients were re-evaluated to confirm the original karyotype descriptions. On re-examination, chromosomes from patient 24 verified a 4;11 translocation, but the breakpoints were revised to 4q13 and 11q21. These atypical breakpoints were confirmed with subsequent metaphase FISH, which showed intact AFF1 and MLL FISH signals localizing to 11q and 4q, respectively. For patient 25, a review of the conventional chromosome analysis also verified the presence of a t(4;11)(q21;q23). However, application of the AFF1/MLL D-FISH probe set on the abnormal metaphase chromosomes indicated a rearrangement of the AFF1 probe and a deletion of the MLL gene region, verifying an atypical 4;11 translocation in this patient. Re-evaluation of the original karyotypes in patient 45 also suggested the breakpoints for the 6;11 translocation were proximal to 6q27 and 11q23; however, insufficient sample was available for metaphase FISH to verify the revised chromosomal breakpoints.
Because of the close proximity of the ELL (19p13.1) and MLLT1 (19p13.3) genes, conventional cytogenetic analysis may at times be unable to predict the correct 19p13 breakpoint involved in the 11q23 translocation. This difficulty is exemplified by findings in the present study where eight patients were shown to have either the 19p13.1 or the 19p13.3 breakpoints incorrectly assigned (Tables 4 and 5 ). During evaluation of the MLL/MLLT1 (19p13.3) D-FISH probe set, five samples that were originally classified as carrying a t(11;19)(q23;p13.3) by conventional chromosome analysis (patients 66, 69, 71, 77, and 78) failed to demonstrate the expected 1R1G2F signal pattern. In these samples, the predominant signal pattern was 2R3G ( Figure 3K) , which was present in 53 to 80% of cells, whereas a second signal pattern, 1R2G1F ( Figure 3E ), was present in a minority (10 to 12%) of cells. Subsequent interrogation of these five samples using the MLL/ELL D-FISH probe set produced a predominant FISH pattern of 1R1G2F present in 50 to 97% of cells. These results indicate that these five samples carry a t(11;19)(q23; p13.1), contrary to the original designation of a t(11;19)(q23; p13.3) by conventional cytogenetic analysis.
Similarly, during evaluation of the MLL/ELL probe set, three patient samples (patients 96, 97, and 103) originally classified by conventional chromosome analysis as carrying a t(11;19)(q23;p13.1) showed only a small proportion (12.8 to 14.8%) of cells with an atypical 1R2G1F signal pattern, whereas the majority of cells had a 2R3G signal pattern (70.4 to 80%). Subsequent evaluation using the MLL/MLLT1 probe set showed all three cases to have a 1R1G2F signal pattern in 75 to 96.6% of cells.
The primary 2R3G signal pattern of the eight samples with misidentified 11;19 translocations indicates that the MLL gene is disrupted without disruption of MLLT1 (five samples) or ELL (three samples). The cells with the atypical 1R2G1F signal pattern simply correspond to random overlap of 1R and 1G signal in the abnormal interphase nuclei, based on the close proximity of these signals on the derivative chromosome 19.
These results indicate D-FISH is more accurate than conventional chromosome studies in the correct identification of the 19p13.1 and 19p13.3 breakpoints and thereby distinguishing the involvement of ELL from MLLT1. In addition, these results demonstrate that a true MLL/partner fusion signal should be part of the predominant abnormal FISH pattern observed with a D-FISH probe set. If an additional red or green signal is identified in most nuclei and a small population of cells with a single apparent fusion is also observed, it is very likely that the subset of cells with fusion represent random signal overlap rather than true fusion. This predisposition to signal overlap is particularly pertinent when multiple gene targets are in close proximity to the true chromosomal breakpoint (such as ELL at 19p13.1, which is physically close to MLLT1 at 19p13.3). The proximity of these genes can result in the misinterpretation of an atypical fusion signal pattern and the incorrect assignment of the translocation partner.
In addition to the advantage of identifying the specific translocation partner, these D-FISH assays also substantially increase the ability to detect leukemic cells present at very low levels. This application in the detection of FISH MRD enables a more informative means of monitoring response to therapy in posttreatment samples. The current method of monitoring disease characterized by MLL rearrangements relies on either chromosome studies or the commercially available MLL disruption gene probes both yielding a disease detection level of ϳ5%. In the context of a classical or a complex translocation involving partnering of MLL with one of these five common fusion partners, our D-FISH method has a calculated analytical sensitivity to detect leukemic cells at levels as low as 0.6% when 500 nuclei are evaluated. In addition, similar to the FISH MRD studies we have previously published using the BCR/ABL1 D-FISH probe set in detecting only three cells of these five MLL D-FISH assays using the automated BioView spot counter for evaluation of MRD in posttherapeutic bone marrow specimens. 37 For each probe set, we have demonstrated a FISH MRD cutoff of 0.05% for the 1R1G2F signal pattern when 6000 nuclei are scored (data not shown). Although RT-PCR would be the method of choice for MRD detection, these MLL translocations are not common enough for industry to develop and market these specific assays, and they are currently not available. Thus, the application of FISH MRD in this patient cohort is currently the best evaluation of genetic MRD.
In conclusion, we present the development of five novel D-FISH probe sets for the detection of MLL rearrangements involving the most frequently observed pairing partner genes, AFF1, MLLT4, MLLT3, ELL, and MLLT1. These five assays proved to be effective in detecting classic and variant translocations of MLL and the most common translocation partners in both pediatric and adult acute leukemia samples. We identified a statistically significant association for atypical FISH signal patterns in pediatric leukemia samples versus adult leukemia samples (P ϭ 0.02) and identified a statistical trend toward more complex karyotypic abnormalities in pediatric patients versus adult patients (P ϭ 0.06). In addition, these assays should allow for a greater sensitivity in MRD detection than chromosome studies or the currently available commercial probes for the detection of MLL rearrangements in acute leukemia.
